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Edited by Lev KisselevAbstract The 70S ribosome from Escherichia coli is a super-
macro complex (MW: 2.7 MDa) comprising three RNA mole-
cules and more than 50 proteins. We have for the ﬁrst time
successfully analyzed the ﬂexibility of 70S ribosomal proteins
in solution by detecting the hydrogen/deuterium exchange with
mass spectrometry. Based on the deuterium incorporation map
of the X-ray structure obtained at the time of each exchange,
we demonstrate the structure–ﬂexibility–function relationship
of ribosome focusing on the deuterium incorporation of the pro-
teins binding ligands (tRNA, mRNA, and elongation factor) and
the relation with structural assembly processes.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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relationship1. Introduction
The ribosome from Escherichia coli, which plays a central
role in the peptide synthesis in cells, is a supermacro complex
(MW: 2.7 MDa) comprising three RNA molecules and more
than 50 proteins. These ribosomal proteins are widely distrib-
uted on three RNA molecules by non-covalent intermolecular
interactions such as hydrophobic and electrostatic interac-
tions. The atomic structures of 70S ribosome and its two sub-
units (30S and 50S) were recently determined by X-ray
crystallography and cryoelectron microscopy [1–7]. Informa-
tion on the structural dynamics and ﬂexibility as well as the
static structure of individual proteins in such macrocomplexes
would be indispensable for a detailed understanding of the
mechanisms underlying ribosome function, but technical diﬃ-
culties limit the availability of such information.
The hydrogen/deuterium (H/D) exchange of backbone amide
protons is a quantitative measure of dynamics and solvent
accessibility of proteins, and has been investigated by several
techniques including IR, NMR, and mass spectrometry. MassAbbreviations: EF, elongation factor; ESI-MS, electrospray mass spe-
ctrometry; H/D, hydrogen/deuterium; MALDI-MS, matrix-assisted
laser desorption/ionization mass spectrometry; TOF, time of ﬂight
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tantly the amide H/D exchange reaction for mixtures compris-
ing diﬀerent species on the mass spectrum [8–11]. The recent
development of matrix-assisted laser desorption/ionization
mass spectrometry (MALDI-MS) allows the fragment-speciﬁc
ﬂuctuation of proteins to be analyzed based on the H/D ex-
change associated with protease digestion [10,11]. Electrospray
mass spectrometry (ESI-MS) and MALDI-MS have been
successfully used to monitor the mass of an intact 70S ribosome
[12] and the posttranslation modiﬁcation of its constituent
proteins [13], respectively. However, mass spectrometry has
not been applied to the H/D exchange of the constituent
proteins.
In the present study, we investigated the H/D exchange
kinetics of an intact 70S ribosome by MALDI-MS, and the
deuterium incorporation map of the 55 proteins constituting
the 30S and 50S subunits (here these proteins are preﬁxed
with ‘‘S’’ and ‘‘L’’, respectively) was created to elucidate
the regions and magnitudes of structural ﬂuctuations in the
70S ribosome. This map has for the ﬁrst time elucidated
the structure–ﬂexibility–function relationship of the ribosome
at the level of its constituent proteins. This approach is useful
not only for ribosomes but also for investigating the struc-
ture–ﬂexibility–function relationship of other macrocom-
plexes.2. Materials and methods
2.1. Materials
Ribosome puriﬁed by sucrose-density-gradient centrifugation was
purchased from Post Genome Institute (PURESYSTEM custom)
[14]. D2O (99.9% atomic D) and acetic acid-d (99% atomic D) were
purchased from EURISO-TOP and IsoTec, respectively. All other
chemicals were of analytical grade.
2.2. H/D exchange
The H/D exchange was initiated by mixing 60 ll of D2O with 6-ll
aliquots of approximately 10 lM ribosome including 63.3 mM magne-
sium acetate in 1.5-ml centrifuge tubes at 15 C. The pH of the mixture
was 7.1 and the H:D atomic ratio was 1:10. After various intervals, 2 ll
of the reaction mixture was removed and the H/D-exchange reaction
was quenched by adding 0.8 ll of 10% acetic acid (H:D = 1:10, pH
2.6) and freezing with liquid nitrogen. The exchange of side-chain pro-
tons can also be terminated by this acid quenching. The quenching
time was deﬁned as the H/D-exchange time, t. A portion of the sample
solution was mixed with saturated 3,5-dimethoxy-4-hydroxycinnamic
acid in 70% acetonitrile involving 0.1% triﬂuoroacetic acid, and loaded
on the sample plate of MALDI. At 5 min after loading on the sample
plate in 7 Pa, the plate was set up for MALDI-TOF (time of ﬂight)-MS
at 104 Pa. All mass spectra were measured using MALDI-TOF-MS
(AXIMA-CFR plus, SHIMADZU/KRATOS).blished by Elsevier B.V. All rights reserved.
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tio of deuterium incorporation, D, using our previously reported meth-
od [15]. The time courses of all H/D exchanges except those for several
small proteins were analyzed using the following equation for two-
phase reaction kinetics:
Dt ¼ D1  A1 expðkex1tÞ  A2 expðkex2tÞ; ð1Þ
where Dt and D1 are the deuterated fractions at exchange times of t
and inﬁnity, respectively, A is the fraction of exchangeable protons
that can be detected during the exchange time at each phase, and kex
is the apparent ﬁrst-order rate constant of H/D exchange at each
phase, where the additional subscripts 1 and 2 indicate the fast and
slow reaction phases, respectively.3. Results
3.1. Identiﬁcation of ribosomal proteins
Fig. 1 shows the MALDI-TOF-MS spectrum of 70S ribo-
some in H2O measured under the same condition as the H/
D-exchange experiments in the range of 3000–70000 m/z.
The spectrum was distributed over a wide range of masses,
and so was calibrated by separating into seven regions:
3000–7000, 7000–11000, 11000–15000, 15000–20000, 20000–
25000, 25000–30000, and 30000–70000 m/z. This resulted in
the identiﬁcation of 69 peaks (including multiply-charged ions)
corresponding to 55 proteins, based on the protein sequence
and mass spectrometry data of Arnold and Reilly [13]. The
spectra of deuterated ribosome showed similar peak patterns,
and hence it was easy to detect the peak shifts associated with
H/D exchanges. Thus, the H/D exchange kinetics of 55 ribo-
somal proteins were successfully analyzed by mass spectrome-
try.
3.2. H/D exchange of 70S ribosome
The 30S and 50S subunits require Mg2+ ions to form the 70S
complex [16,17]. From the Mg2+ concentration dependence of
ESI-MS spectra of intact 70S ribosome and its subunits [12],
we set the Mg2+ concentration to be approximately 5.8 mM
to ensure that the 70S complex remained intact during the
H/D-exchange reaction. The inset of Fig. 1 shows the time
courses of deuterium incorporation of typical ribosomal pro-
teins. It is evident that these data ﬁt the theoretical lines calcu-Fig. 1. Mass spectrum of 70S ribosome in water. The peak for S1 protein is
exchange time course of L36, L30, S18, L7, S5, and L2.lated by the least-squares regression analysis using Eq. (1).
From the residual-plot analysis (data not shown), the H/D-ex-
change reaction was found to follow the two-phase kinetics for
all except nine of the proteins (L36, L34, L33, L32, L31, L30,
L29, S1, and S22), which followed one-phase kinetics. The
ribosomal proteins with a molecular weight larger than
8000 Da probably tend to follow the two-phase kinetics be-
cause the distance between the surface and core of the molecule
increases with the molecular weight. It is notable that we suc-
ceeded in analyzing the largest protein (S1) despite its detection
by mass spectrometry being diﬃcult because of its interactions
with rRNA [13]. Fig. 2 shows the deuterium incorporation
maps of 70S ribosome proteins constructed at t = 0, 5, and
1 min with the magnitude of ﬂuctuation visualized diﬀerent
colors for individual proteins on the X-ray structure [1,4].
The deuterium incorporation at t =1 is shown in Fig. 3 for
individual proteins in the 30S and 50S subunits.4. Discussion
4.1. Relation between H/D exchange and structure
To elucidate the relation between the ﬂexibility of each
ribosomal protein and the structural self-assembly of the
ribosome, we compared the deuterium incorporation map
(Fig. 2A) and the assembly map of each subunit (Fig. 2B).
The 30S subunit assembly map was ﬁrst constructed by
Mizushima and Nomura [18], and subsequently improved
by other investigators [19,20]. The primary binding proteins
in the assembly process of the 30S subunit are S15, S17,
S4, S20, S8, and S7, which form the basis of the subunit.
Although these six proteins are not buried in the subunit,
the amount of deuterium incorporation at t =1 is compara-
tively low (Fig. 3). These suggest that the ﬂuctuation of the
30S subunit is aﬀected by the interaction between ribosomal
proteins and rRNA. Conversely, highly deuterated proteins
at t =1, S21 and S12, are ﬁnal-stage binding proteins for
the assembly of the 30S subunit. In contrast, S6 is highly deu-
terated despite forming a heterodimer with S18 and binding
to the complex between 16S rRNA and S15 in the assembly
process of the 30S subunit. S6 is positioned on the corner ofhundredfold expanded because of its low intensity. Inset shows H/D-
Fig. 2. (A) Deuterium incorporation map of 70S ribosomal proteins at diﬀerent exchange times (PDB ID: 1PNS and 1VOR) [1,4]. rRNA molecules
are indicated with light gray, and the color of each proteins reﬂects its exchange ratio. Colored characters at t =1 show the protein related with the
function: tRNA entrance (orange), tRNA exit (red), tRNA frame shift (pink), interaction with EF (green), mRNA entrance (light blue), and mRNA
exit (dark blue). (B) Assembly maps of each subunit [21,25]. The color of each protein reﬂects its exchange ratio at t =1.
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RNA to a lesser extent than other proteins. Then the interac-
tion of S6 with 30S subunit would not be so strong as also
expected from the results of ESI-MS experiment that ioniza-
tion of intact 30S subunit releases S6 [21].The 50S subunit assembly map was also constructed and im-
proved by integrating the results of studies of local interactions
[22–24]. In the case of the 50S subunit, low-deuterated proteins
with D1 6 0.7 are L2, L13, L17, L21, L22, L23, L24, L29, and
L30, most of which are primary binding proteins. However,
Fig. 3. Deuterium incorporation of ribosomal proteins, 50S (upper) and 30S (lower), at t =1.
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protein, probably because it is positioned near the 5 0-terminal
in 23S rRNA, which is the nucleus of assembly [24]. On the
other hand, the highly deuterated proteins with D1 P 0.8
are L1, L7/L12, L9, L11, L16, L25, L31, L32, L33, and L35,
which are ﬁnal-stage binding proteins for the assembly of the
50S subunit. It may not be possible to detect L20 with MAL-
DI-MS because this protein has a high aﬃnity with 23S rRNA
and is a primary binding protein.
The above results demonstrate that the deuterium incorpora-
tion of each protein at t =1 is closely related with the assembly
process, and that the ﬂexibility of each protein contributes to
the interaction between ribosomal proteins and rRNA.
4.2. Relation between H/D exchange and function
It is pertinent to consider the H/D exchange of proteins lo-
cated near the ligand-binding sites in order to understand the
ﬂexibility–function relationship of ribosome. Ribosome inter-
acts with many ligands – such as tRNA, mRNA, elongation
factor (EF), and generated peptide – in the expression and reg-
ulation of its function, whose binding sites have been deter-
mined by X-ray crystallography and cryoelectron microscopy
[1–7]. As shown in Fig. 2, tRNA-binding proteins are very ﬂex-
ible, especially those located at the entrance (L16, L25, andS12) and exit (L31 and L33) of tRNA, which are highly deuter-
ated proteins (D1 P 0.8), indicating that the binding and
releasing of a large ligand such as tRNA requires large motion
of the interacting domain. The notably large deuterium incor-
poration of S13 suggests that the frame shifts of tRNA are also
attributable to the eﬀective ﬂexibility of its interacting domain
with S13. L11, which interacts with EF, is a highly deuterated
protein. In contrast, proteins located at the entrance (S3, S4,
and S5) and exit (S7 and S11) of mRNA exhibit a moderate
level of deuterium incorporation, which is consistent with these
proteins not having the ability to move on mRNA without en-
ergy supplied by the hydrolysis of GTP. Although both L4 and
L22 exist in the exit tunnel of the generated polypeptide and
are largely buried in 23S rRNA, their levels of deuteration
are very diﬀerent (0.73 and 0.64, respectively). The diﬀerent
properties of these two proteins can be notiﬁed by mutations:
mutations of L4 aﬀect the interaction between 50S and 30S
subunits but those of L22 do not [25]. The larger deuterium
incorporation of L4 compared with L22 is evidence that the
dynamics of L4 is important for not only interactions with
the 50S subunit but also the ﬂexibility of the entire ribosome.
One of the most important functions of a ribosome is the syn-
thesis of polypeptide synchronizing with frame shifts on
mRNA by ratchet motion when it is bound with ligands. L7
3642 T. Yamamoto et al. / FEBS Letters 580 (2006) 3638–3642and L12 are the stalk proteins of that motion, and their high
deuterium incorporation (D1 = 0.90 and 0.91, respectively)
conﬁrms that they are very ﬂexible, which is consistent with
the results from NMR and cryoelectron microscopy [7,26,27].
As described above, many proteins located near the ligand-
binding sites for tRNA and EF are ﬁnal-stage binding proteins
of ribosome and exhibit high ﬂexibility that is speciﬁc to their
particular functions. In contrast, many proteins located at the
opposite region of ligand-binding sites are primary binding
proteins and have low ﬂexibility (Fig. 2A). These relationships
have been visualized here for the ﬁrst time by investigating H/
D exchange with MALDI-MS. Using mass spectrometry to
investigate H/D exchange during ligand binding should pro-
vide further insight into the structure (assembly)–ﬂexibility–
function relationship of ribosomes, and this is now in progress
in our laboratory.
Acknowledgement: MALDI-MS was applied to ribosomal proteins
at the Natural Science Center for Basic Research and Development
(N-BARD), Hiroshima University.References
[1] Vila-Sanjurjo, A., Ridgeway, W.K., Seymaner, V., Zhang, W.,
Santoso, S., Yu, K. and Cate, J.H. (2003) X-ray crystal structures
of the WT and a hyper-accurate ribosome from Escherichia coli.
Proc. Natl. Acad. Sci. USA 100, 8682–8687.
[2] Ban, N., Nissen, P., Hansen, J., Moore, P.B. and Steitz, T.A.
(2000) The complete atomic structure of the large ribosomal
subunit at 2.4 A˚ resolution. Science 289, 905–920.
[3] Wimberly, B.T., Brodersen, D.E., Clemons Jr., W.M., Morgan-
Warren, R.J., Carter, A.P., Vonrhein, C., Hartsch, T. and
Ramakrishnan, V. (2000) Structure of the 30S ribosomal subunit.
Nature 407, 327–339.
[4] Vila-Sanjurjo, A., Schuwirth, B.S., Hau, C.W. and Cate, J.H.
(2000) Structural basis for the control of translation initiation
during stress. Nat. Struct. Mol. Biol. 11, 1054–1059.
[5] Ramakrishnan, V. (2002) Ribosome structure and the mechanism
of translation. Cell 108, 557–572.
[6] Gao, H., Sengupta, J., Valle, M., Korostelev, A., Eswar, N.,
Stagg, S.M., Van Roey, P., Agrawal, R.K., Harvey, S.C., Sali, A.,
Chapman, M.S. and Frank, J. (2003) Study of the structural
dynamics of the E. coli 70S ribosome using real-space reﬁnement.
Cell 113, 789–801.
[7] Diaconu, M., Kothe, U., Schlu¨nzen, F., Fischer, N., Harms, J.M.,
Tonevitsky, A.G., Stark, H., Rodnina, M.V. and Wahl, M.C.
(2005) Structural basis for the function of the ribosomal L7/12
stalk in factor binding and GTPase activation. Cell 121, 991–1004.
[8] Englander, J.J., Del Mar, C., Li, W., Englander, S.W., Kim, J.S.,
Stranz, D.D., Hamuro, Y. and Woods Jr., V.L. (2003) Protein
structure change studied by hydrogen–deuterium exchange, func-
tional labeling, and mass spectrometry. Proc. Natl. Acad. Sci.
USA 100, 7057–7062.
[9] Yamamoto, T., Izumi, S., Ohmae, E. and Gekko, K. (2004) Mass
spectrometry on hydrogen/deuterium exchange of Escherichia coli
dihydrofolate reductase: eﬀects of loop mutations. J. Biochem.
135, 487–494.[10] Mandell, J.G., Baerga-Ortiz, A., Akashi, S., Takio, K. and
Komives, E.A. (2003) Solvent accessibility of the thrombin–
thrombomodulin interface. J. Mol. Biol. 306, 575–589.
[11] Yamamoto, T., Izumi, S. and Gekko, K. (2004) Mass spectrom-
etry on hydrogen/deuterium exchange of Escherichia coli dihy-
drofolate reductase: eﬀects of ligand binding. J. Biochem. 135,
663–671.
[12] Rostom, A.A., Fucini, P., Benjamin, D.R., Juenemann, R.,
Nierhaus, K.H., Hartl, F.U., Dobson, C.M. and Robinson,
C.V. (2000) Detection and selective dissociation of intact
ribosomes in a mass spectrometer. Proc. Natl. Acad. Sci. USA
97, 5185–5190.
[13] Arnold, R.J. and Reilly, J.P. (1999) Observation of Escherichia
coli ribosomal proteins and their posttranslational modiﬁcations
by mass spectrometry. Anal. Biochem. 269, 105–112.
[14] Shimizu, Y., Inoue, A., Tomari, Y., Suzuki, T., Yokogawa, T.,
Nishikawa, K. and Ueda, T. (2001) Cell-free translation
reconstituted with puriﬁed components. Nat. Biotechnol. 19,
751–755.
[15] Yamamoto, T., Izumi, S. and Gekko, K. (2004) Mass spectrom-
etry on segment-speciﬁc hydrogen exchange of dihydrofolate
reductase. J. Biochem. 135, 17–24.
[16] Gesteland, R.F. (1966) Isolation and characterization of
ribonuclease I mutants of Escherichia coli. J. Mol. Biol. 16,
67–84.
[17] Gesteland, R.F. (1966) Unfolding of Escherichia coli ribosomes by
removal of magnesium. J. Mol. Biol. 18, 356–371.
[18] Mizushima, S. and Nomura, M. (1970) Assembly mapping of 30S
ribosomal proteins from E. coli. Nature 226, 1214–1218.
[19] Recht, M.I. and Williamson, J.R. (2004) RNA tertiary structure
and cooperative assembly of a large ribonucleoprotein complex. J.
Mol. Biol. 344, 395–407.
[20] Grondek, J.F. and Culver, G.M. (2004) Assembly of the 30S
ribosomal subunit: positioning ribosomal protein S13 in the S7
assembly branch. RNA 10, 1861–1866.
[21] Ilag, L.L., Videler, H., McKay, A.R., Sobott, F., Fucini, P.,
Nierhaus, K.H. and Robinson, C.V. (2005) Heptameric (L12)6/
L10 rather than canonical pentameric complexes are found by
tandem MS of intact ribosomes from thermophilic bacteria. Proc.
Natl. Acad. Sci. USA 102, 8192–8197.
[22] Spierer, P., Wang, C.C., Marsh, T.L. and Zimmermann, R.A.
(1979) Cooperative interactions among protein and RNA com-
ponents of the 50S ribosomal subunit of Escherichia coli. Nucleic
Acids Res. 6, 1669–1682.
[23] Ro¨hl, R. and Nierhaus, K.H. (1982) Assembly map of the large
subunit (50S) of Escherichia coli ribosomes. Proc. Natl. Acad. Sci.
USA 79, 729–733.
[24] Herold, M. and Nierhaus, K.H. (1987) Incorporation of six
additional proteins to complete the assembly map of the 50 S
subunit from Escherichia coli ribosomes. J. Biol. Chem. 262,
8826–8833.
[25] O’Connor, M., Gregory, S.T. and Dahlberg, A.E. (2004) Multiple
defects in translation associated with altered ribosomal protein
L4. Nucleic Acids Res. 32, 5750–5756.
[26] Mulder, F.A., Bouakaz, L., Lundell, A., Venkataramana, M.,
Liljas, A., Akke, M. and Sanyal, S. (2004) Conformation and
dynamics of ribosomal stalk protein L12 in solution and on the
ribosome. Biochemistry 43, 5930–5936.
[27] Bocharov, E.V., Sobol, A.G., Pavlov, K.V., Korzhnev, D.M.,
Jaravine, V.A., Gudkov, A.T. and Arseniev, A.S. (2004) From
structure and dynamics of protein L7/L12 to molecular switching
in ribosome. J. Biol. Chem. 279, 17697–17706.
